from Ϸ10-to Ϸ5-fold. ** , P Ͻ 0.01; *** , P Ͻ 0.001. n.s., not significant.
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Dragonflies infected with noninvasive gregarine gut parasites (Microsporidia, Apicomplexa) have reduced flight-muscle performance, an inability to metabolize lipid in their muscles, twofoldelevated hemolymph carbohydrate concentrations, and they accumulate fat in their thorax in a manner analogous to mammalian obesity. Gregarine infection is associated with inappropriate responses of hemolymph carbohydrate concentration to insulin and with chronic activation in the flight muscles of p38 MAP kinase, a signaling molecule involved in immune and stress responses. Short-term exposure to gregarine excretory/secretory products caused elevated blood carbohydrate and p38 MAPK activation in healthy individuals. These characteristics comprise a set of symptoms and processes that are known in mammals as metabolic syndrome but which have not previously been described in other animal taxa. In addition to expanding the known taxonomic breadth of metabolic disease, these results indicate that insects may be useful experimental models for studying its underlying biology and mechanisms.
chronic inflammation ͉ insect disease model obesity lipid metabolism ͉ parasite effects M etabolic syndrome (MS) is characterized by chronic changes in nutrient metabolism and distribution that often lead to obesity and type 2 diabetes. MS is commonly linked to chronic inflammation, an association that appears to arise from signaling molecules that function in both immune and metabolic pathways (1) . Proinflammatory signals emitted by excessive adipose tissue are presently under intense scrutiny as a causative factor for metabolic diseases (2-6), but a number of studies suggest that altered gut microbial composition can also trigger this type of inflammation (7) (8) (9) and affect host metabolism and obesity (10, 11) . Here, we use an insect model to test the hypothesis that gut microbes can cause systemic inflammation, metabolic dysregulation, and obesity.
Research to date on MS has concentrated exclusively on mammals even though signaling molecules and pathways controlling energy homeostasis, immunity, and inflammation are highly conserved across animals, including insects. Insects have become valuable research models for many types of human disease (12) , including recent efforts aimed at elucidating the genetic and physiological bases of metabolic homeostasis and dysregulation (13, 14) . As we show here, insects are particularly amenable to quantitative studies of muscle metabolism, substrate utilization, and the compartmentalization of lipid (i.e., abdominal storage depots versus lipid mobilized for oxidation in the flight muscles). These features allow a detailed understanding of normal and disrupted metabolism and the transport and utilization or accumulation of lipid.
Libellula pulchella dragonflies are commonly infected with gregarine gut parasites (Microsporidia, Apicomplexa) of the genus Hoplorhynchus (Fig. 1) . Gregarine parasites are historically viewed as relatively benign but more recently have been shown to affect fecundity and mortality of invertebrates (15) . Infected L. pulchella males show no external symptoms or internal lesions but have poor territoriality and mating success and lose the ability to adjust their flight-muscle energy consumption according to the magnitude of their body fat reserves (16) . These observations led us to examine how parasitic infection affects metabolism and nutrient distribution in gregarineinfected L. pulchella dragonflies.
Results
Metabolic performance was first assessed by examining flightmuscle power output. To do this assessment, we used an adaptation of the work-loop technique (see Methods) with single flight muscles that remained in situ but were isolated mechanically from the rest of the thorax. Higher power output was found for flight muscles of healthy individuals compared with those infected with mature gregarine trophozoites but not for those with only immature gregarine trophozoites (Fig. 2 , see Methods for definitions). The absence of a difference between healthy and newly infected dragonflies indicates that these performance differences are not likely to arise from weaker animals being more susceptible to infection. Rather, flight-muscle performance appears to decline over time in response to changes in parasite size or maturity or duration of exposure to developing gregarine parasites.
Peak muscle performance depends in part on the ability to generate ATP from nutrient substrates. As occurs in vertebrates, insects show time-dependence in how their flight muscles use fuel substrates. Carbohydrates are oxidized during the initial seconds to minutes of flight, followed by a transition to lipid oxidation if flight is sustained (17) . Typically, libellulid dragonflies display a mixture of brief and sustained flights, fueled by a mixture of carbohydrates and lipids (18) . Impaired utilization of oxidizable substrates generally results in a drop in muscle performance (19) . Because of the observed decrease in flight- muscle power output, we examined how parasitic infection is associated with changes in metabolic substrate utilization.
To quantify substrate utilization in vivo, we determined the stoichiometry of O 2 consumption and CO 2 emission [i.e., the respiratory quotient (RQ)] by flight muscles undergoing a controlled regime of stress-strain cycles that closely match flight (see Methods). An RQ of 1.0 indicates pure carbohydrate metabolism, whereas values between 1 and 0.7 indicate partial to pure consumption of lipids (20) . We found that muscles of healthy dragonflies used a mixture of carbohydrates and lipids (mean RQ ϭ 0.87) that was different (P ϭ 0.001) from the RQ of muscles of infected dragonflies, which oxidized only carbohydrates (mean RQ ϭ 1.01; Fig. 3b ). Decreased muscle fatty acid metabolism is a common result of infection and inflammation in mammals and is thought to be due to mitochondrial dysfunction (21) . Decreased lipid metabolism by muscle is also a common symptom of metabolic abnormalities clustered under MS (22, 23) .
Impaired fatty acid metabolism may lead to the accumulation of lipids in and around skeletal muscle tissue (24, 25) , an important common feature among disease states like obesity, insulin resistance, and type 2 diabetes (26). To determine whether lipid is distributed differently in healthy versus infected dragonflies, we used a general linear model (see Methods) to determine how body size-adjusted thoracic lipid varied according to infection status, the size-adjusted amount of lipid in the abdomen (to control for differences in global nutritional state), and the interaction between infection status and abdominal lipid. All three of these independent variables had significant effects on the amount of lipid in the thorax (Fig. 4 and Table 1 ). Gregarine-infected dragonflies had 26% more thoracic lipid at the mean level of abdominal lipid. The significant interaction effect shows that the increment in thoracic fat in infected dragonflies became larger as their abdominal lipid stores increased. Separate experiments showed that there was no effect of infection on hemolymph lipid content (P ϭ 0.25) or lipid mobilization from the fat body (P ϭ 0.96) in response to dragonfly adipokinetic hormone ( Table 2 , which is published as supporting information on the PNAS web site). Together, these data and the observed elevation in RQ suggest that gregarineinfected dragonflies mobilize and transport lipid in a normal fashion but have impairments in lipid metabolism within their flight muscles that cause unused lipids to accumulate in the thorax.
In addition to fat accumulation, MS is often accompanied by abnormalities in carbohydrate metabolism and dysglycemia (i.e., abnormal blood-glucose concentrations) (27) (28) (29) . We found that infected dragonflies had native hemolymph carbohydrate concentrations that were approximately twofold higher than those of healthy dragonflies (Fig. 5) . Our carbohydrate assay quantified total monosaccharide concentration (after chemical hydrolysis of disaccharides), which primarily reflects hemolymph trehalose (a disaccharide of glucose), the most abundant hemolymph carbohydrate in most insects (30) . Mass spectrometry measurements showed that the trehalose-to-glucose ratio in L. pulchella hemolymph is Ϸ150:1 (data not shown). Thus, although the molecular species is different, hypertrehalosemia in dragonflies parallels the hyperglycemia that is a common pathology of mammalian metabolic diseases.
Dysglycemia is often attributed to tissue insulin resistance (31) (32) (33) . To test the hypothesis that the difference in native hemolymph carbohydrate concentration between healthy and infected dragonflies is due to similarly impaired endocrine function, we analyzed the effect of insulin on hemolymph carbohydrate concentrations (see Methods). In samples collected 30 min after insulin injection, hemolymph carbohydrate concentrations decreased significantly in healthy dragonflies but not in Fig. 2 . Effect of gregarine infection on dragonfly muscle contractile performance. Maximum flight-muscle power output for healthy (h) and infected individuals (n ϭ 52) shows a significant effect of infection that is related to the maturity of the infection. Maximum power output is significantly lower ( * , Table 1 ).
infected ones (Fig. 5) . The doubling of native hemolymph carbohydrate concentration and impaired capacity of insulin to regulate carbohydrate metabolism implies that gregarine infection induces an insulin-resistant phenotype, which is yet another metabolic abnormality commonly ascribed to MS in mammals. Because the uptake of carbohydrate by flight muscles of infected dragonflies is apparently not disrupted (i.e., they readily oxidize carbohydrates; see RQ data), it appears that this insulin resistance is only partial or is localized in tissues other than flight muscles.
Interestingly, mean hemolymph carbohydrate concentration of infected dragonflies increased after insulin injection (i.e., a post-to-preinjection ratio Ͼ1.0; see Fig. 5 ). This may have been caused by the known effect of insulin-like peptides on glycogen phosphorylase activity in the insect fat body (34) , which releases carbohydrate into the hemolymph. The opposite response of infected versus healthy dragonflies indicates that the insulinregulated net balance between carbohydrate uptake and release to the hemolymph was altered by gregarine infection.
To determine whether the presence of gregarine parasites was responsible for the observed changes in carbohydrate metabolism, we simulated their presence by providing healthy dragonflies with drinking water containing trace amounts of excretorysecretory products (ESP) obtained from live gregarines (see Methods). A control group of healthy individuals received water without ESP (see Methods), and, after 2 days, we measured hemolymph carbohydrate concentrations from both groups. A 2-day exposure to ESP caused a significant elevation in hemolymph carbohydrate concentration compared with the controls (Fig. 5c) , similar to the native difference between healthy and infected individuals illustrated in Fig. 5a . These results indicate that factors released by gregarine parasites in the midgut can rapidly stimulate the observed changes in hemolymph carbohydrate concentration.
Mammalian insulin resistance and obesity are commonly associated with infection and chronic inflammatory states (2, 35) , and it has been proposed that the development of these metabolic abnormalities could be mediated by activation of innate immune responses (36) . Many compounds released by parasites induce host immune responses and/or stimulate the production of inflammatory cytokines. These cytokines have downstream effects on signaling molecules such as ERK, JNK, and p38 MAPK (37) . To determine whether dragonfly MAPK signaling is affected by gregarine infection, we examined activation of p38 MAPK in the flight muscles. We probed Western blots of muscle homogenates from healthy and infected dragonflies with a polyclonal antibody specific to phosphorylated (i.e., activated) p38 MAPK. Included on these blots were aliquots of the same muscle homogenates that were exposed for 20 min to gregarine ESP. We found that p38 MAPK was chronically activated in flight muscles from infected dragonflies but not in muscles from healthy individuals. Acute treatment of muscles from healthy individuals with ESP stimulated phosphorylation of p38 MAPK to levels indistinguishable from infected dragonflies (Fig. 6) . Control experiments in which flight muscles from healthy dragonflies were pretreated with a specific inhibitor of p38 MAPK phosphorylation showed no elevation of p-p38 MAPK after ESP treatment, and infected individuals that were fed the inhibitor showed no chronic p38 MAPK activation (data not shown; see also Methods).
Discussion
Dragonflies infected with noninvasive and seemingly benign gregarine parasites show symptoms typical of mammalian met- For residual thoracic lipid, see also Fig. 4 ; units in mg. n ϭ 57. The bold x indicates an interaction effect of ''infection status'' and ''residual abdominal lipid.'' Fig. 5 . Hemolymph carbohydrate metabolism in healthy (h) and infected (i) dragonflies. (a) Native hemolymph carbohydrate concentration was significantly higher in infected dragonflies (P ϭ 0.02; Student's t test, n ϭ 16). (b) Injection of insulin caused a significant decrease in hemolymph carbohydrate levels of healthy individuals [i.e., post-/preinsulin injection ratio ϭ 0.65 Ϯ 0.32 (mean Ϯ SE); P ϭ 0.04; paired t test] and increased in infected individuals (i.e., post-/preinsulin injection ratio ϭ 1.80 Ϯ 0.32; P ϭ 0.02; paired t test, n ϭ 16). (c) Exposure to parasite ESP for 2 days caused a significant increase (P ϭ 0.02; Student's t test, n ϭ 10) in hemolymph carbohydrate concentration in healthy individuals, similar to the difference seen between native concentrations of healthy and infected dragonflies. Absolute differences in carbohydrate levels between a and c most likely reflect the difference between dragonflies taken directly from the field (a) versus after a 48-h period of quiescence in the lab (c). Error bars represent standard error around means. abolic syndrome. Gregarine-infected dragonflies have reduced muscle performance; their muscles do not oxidize fatty acids, and lipid accumulates in their thorax; they have elevated levels of blood carbohydrates that do not respond normally to insulin; and they show signs of chronic systemic inflammation. Moreover, elevated blood carbohydrates and activation of a molecular marker of inflammation can both be elicited in healthy dragonflies by exposing them to excretory/secretory products of the parasite.
These results provide the insight that microbes residing in the intact lumen of the gut may provoke a suite of pathologies in the blood and in the muscles, i.e., across body compartments either directly or via signals emitted from the gut. Similar to mammals, infection in insects commonly induces an innate immune response that activates inflammatory pathways (38) . We have demonstrated that gregarine-infected dragonflies show signs of a chronic inflammatory state, which is widely recognized as a pathological feature underlying the etiology of MS in mammals. Indeed, a recent study suggests that p38 MAPK activation due to inflammation or other stress can mediate inhibition of insulin signaling (39) and therefore play a potentially crucial role in the development of this key metabolic abnormality. Studies of mammalian metabolic disease generally focus on the role of inflammatory signals originating from excessive adipose tissue (2) . However, our studies on the interaction between gregarines and dragonflies indicate that there is a potential for other, nonadipose-derived inflammatory cues (i.e., microbes residing in the gut) to affect metabolic traits, including lipid metabolism, so that increased lipid deposition might be an end result rather than an initiator.
The fact that gregarine infection is associated with impaired fatty acid oxidation by flight muscles and excessive thoracic lipid deposition identifies insects as potential models for obesity in humans. Mammalian obesity is commonly thought to arise from mismatches between a person's energy consumption and activity level. Interestingly, infected dragonflies display a more sessile behavior, and their flight muscle performance is not adjusted according to the amount of energy resources stored as lipid, as is the case for flight muscles of healthy individuals (16) . A question that remains to be addressed is whether gregarine infection has initial and direct effects on behavior, followed by metabolic disruptions that are stimulated by the behavioral changes or, alternatively, whether the metabolic pathologies develop as a direct result of infection and inflammation from which the behavioral changes follow. The radical nature of the observed metabolic changes (i.e., total loss of lipid metabolism by the flight muscles) seem to favor the latter, but a more in-depth (in vivo) and time-resolved analysis is desirable.
Given these observations of parasite-induced metabolic syndrome in an insect, along with obesity and behavioral changes, it seems appropriate to ask whether changes in biotic environmental factors (e.g., intestinal microbial community composition) may cause metabolic disease in humans. A few studies have hinted at this type of internal environmental causation (10, 40, 41) , and immunocompromised humans who are unable to clear infections of Cryptosporidium, the sister taxon of gregarines, show changes in RQ indicative of compromised ability to metabolize lipid (42) . Based on these findings, we suggest that further examination of how human intestinal microflora respond to diet (or antibiotics), coupled with an examination of how different gut microbes impact inflammation and metabolism, may reveal important missing links in the etiology of mammalian metabolic syndromes.
Despite their obvious differences, insects and humans show a remarkable degree of conservation for molecular, cellular, and developmental mechanisms (43) . Advances from invertebrate biology have often led to a better understanding of mammalian biology. For example, the discovery and dissection of mechanisms regulating innate immunity pathways in mammals were based on knowledge gleaned from Drosophila (44) . Pathways involved in the development of metabolic abnormalities may be similarly homologous, which opens the way for the use of nonmammalian systems as an additional tool to study causes and treatments for obesity and metabolic diseases.
Methods
Animals. Male L. pulchella dragonflies were netted at two ponds in the State College, PA, area. After capture, dragonflies were transported to the laboratory in cooled plastic containers containing moist Kimwipes. Except for the 2-day feeding experiment involving parasite ESP (methods below), animals were used in experiments within 4-6 h of capture. Infection status was assessed by surgically opening the midgut after decapitation, and this procedure is thus lethal for specimens. An infection was classified as ''mature'' if one or more mature trophozoite (see Fig. 1 legend) was present (regardless of the number of immature trophozoites present). With the exception of the flight-muscle power output data presented in Fig. 2 , individual data points are labeled as ''infected'' when any (mature or immature) trophozoite presence was discovered post mortem. In no cases have we observed any apparent damage to the gut caused by gregarines, including at the level of transmission electron microscopy.
Muscle-Power Output and Substrate Utilization. Maximum in vitro muscle power output was determined by using methods described in ref. 45 . Respiratory quotient was determined by using a flow-through respirometry system including an Oxilla II differential O 2 analyzer (Sable Systems International, Las Vegas, NV) and a LI-6262 CO 2 /H 2 O gas analyzer (LI-COR Biosciences, Lincoln, NE). Peak CO 2 emission and O 2 consumption by thoracic flight musculature were measured during 30 seconds of continuous cyclical contraction at 37 Hz, the typical wing-beat frequency used during free flight by L. pulchella.
Lipid Content Analyses. Thoracic and abdominal lipid extractions were performed according to 46 . We used regressions of thoracic and abdominal lipid (measured separately and individually for 56 mature males) on lean dry thorax and abdomen mass, respectively, to control for differences in body size. Residual thoracic lipid content was used as the response variable in a general linear Fig. 6 . Western blot of flight muscle homogenates that were split into two equal portions, pretreated with saline (Ϫ) or ESP (ϩ), and then probed with an antibody binding to activated p38 MAPK. Lanes 1-4 contain split homogenates from healthy individuals; lanes 6 -9 contain split homogenates of muscle from two infected individuals. Chronic activation of p38 MAPK is evident in the saline-treated muscle homogenates from the infected individuals (lanes 6 and 8) compared with saline-treated homogenates from healthy individuals (lanes 1 and 3) . P38 MAPK activation in the muscle homogenates from healthy individuals after 20-min treatment with parasite ESP (lanes 2 and 4) was different from the untreated half of the same homogenate (lanes 1 and 3) but was identical to infected individuals that were either treated with saline (lanes 6 and 8) or with parasite ESP (lanes 7 and 9). Lane 5 is a positive control (c ϩ ) consisting of human cell lysates treated with anisomycin, an activator of p38 MAPK. In addition to some nonspecific binding, dragonfly lanes show presence or absence of a band (arrows) identical in size to the positive control. That band is absent when muscle homogenates are pretreated with a specific inhibitor of p38 MAPK phosphorylation (see Methods; data not shown). The results shown are representative of samples obtained from a larger set of individuals (n ϭ 8) used in two replications of the experiment.
